This is a long-term study (1993)(1994)(1995)(1996)(1997)(1998) on the effects of increasing eutrophication on the crustacean zooplankton structure in a eutrophic reservoir. The study first demonstrates that the eutrophication increase verified is a phenomenon well described by a single abiotic variable: total phosphorus. During the study period, zooplankton suffered extensive qualitative and quantitative changes. Significant size and biomass responses of certain zooplankton groups to the temporal variations of total phosphorus were found. These findings suggest that the variables size and biomass of major zooplankton groups should always be considered simultaneously in order to assess impacts caused by eutrophication on the structure of zooplankton.
INTRODUCTION
Eutrophication is one of the most important human-induced modifications affecting aquatic systems in the biosphere. This phenomenon has long been studied but most of these investigations have concentrated on primary producers in temperate areas (Sakamoto, 1966; Brylinsky & Mann, 1973; Dillon & Rigler, 1974; Vollenweider, 1976; Canfield & Bachmann, 1981; Prairie et al., 1989; Watson et al., 1992; Dodson et al., 2000; Masson et al., 2000) . PINTO-COELHO, R. M., BEZERRA-NETO, J. F. and MORAIS-JR., C. A.
Mesozooplankton (sensu Sieburth et al., 1978) have also suffered important changes during this period. The calanoid Scolodiaptomus corderoi and the cladoceran Ceriodaphnia cornuta disappeared from the lake in the middle of the nineties. Furthermore, the eutrophication of Pampulha has affected the temporal dynamics of most species of this community (Pinto-Coelho, 1998) . Some large cladocerans, such as the dominant Daphnia laevis and D. gessneri, disappeared from the lake in 1997 and have yet to return. The dominance of this organism was succeeded by that of the small cyclopoid Thermocyclops decipiens. The disappearance of daphnids is probably associated with the sharp increase of an exotic fish population, the African cichlid Oreochromis niloticus, which occurred during this period in the reservoir (Álvares et al., 2000) .
Sampling and laboratory procedures
Plankton organisms and water samples for chemical analysis were collected at a central station (z = 8 m) in the reservoir, which has been used for regular monitoring for more than 15 years. Different depths covering the water column were considered: 0, 2, 4, and 6 m. The sampling was done monthly between 1993 and 1995 and every two weeks from 1996 to 1998. Zooplankton was collected with the use of a Schindler-Patalas 5.1 L trap, equipped with a 90 µm mesh size collecting net. In this study, only zooplankton data from 2.0 m were used in analyses. Water transparency and electric conductivity were measured in situ by means of a 35 cm (diameter) Secchi disk and a Yellow Springs device, respectively.
Water samples for chemical analysis were deep frozen (-25 ºC) just after collection. The determination of inorganic nitrogen (ammonium) was done according to Mackereth et al. (1978) . Total phosphorus and chlorophyll-a were established using the procedure described by Murphy & Riley (1962) and Lorenzen (1967) , respectively. Particulate organic carbon (POC) was estimated by the chemical digestion method of oxidation using K 2 Cr 2 O 7 , following a new procedure as improved by Torres et al. (1998) .
Zooplankton was fixed using a buffered formalin solution (pH = 7.0) saturated with sucrose. A minimum of 700 individuals were counted and measured in each sample using a M3C Leica dissecting stereomicroscope. Biomass estimation was done by using equations by Bottrell et al. (1976) , Rosen (1981) , Malley et al. (1989) , Culver et al. Modifications induced by eutrophication are often not limited to just one trophic level, and zooplankton responses to eutrophication have been studied in some cases (McCauley & Kalff, 1981; Pace, 1984; Hanson & Peters, 1984; Mazumder, 1994) . Some of these studies have revealed contradictory trends in this community in response to eutrophication (Hulot et al., 2000) . Furthermore, despite an increasing number of recent studies concerning the zooplankton community from tropical or subtropical systems (Mazumder & Havens, 1998; Pinto-Coelho, 1998; Sendacz & Kubo, 1999; Aka et al., 2000; Espíndola et al., 2000; Havens et al., 2000 , Starling, 2000 Kozlowsky-Suzuki & Bozelli, 2002; Sampaio et al., 2002; Neves et al., 2003) , the bulk of investigations relating zooplankton to eutrophication is still concentrated on temperate areas.
The present study focused on a small tropical reservoir that has been suffering from increasing trophy for the last two decades: the Pampulha reservoir in Brazil. The main objective was to evaluate the modifications suffered by the community structure of crustacean zooplankton during this process. First, the power of a single abiotic variable, total phosphorus, was tested as a step in describing the eutrophication in this reservoir. Next, associations of crustacean zooplankton size and biomass with total phosphorus were assessed in order to investigate which of these biotic variables was more closely associated with eutrophication. The use of this approach can reveal significant responses to eutrophication, and is essential not only for monitoring but also for the understanding the impacts of eutrophication on higher trophic levels.
MATERIAL AND METHODS

Study area
Pampulha reservoir is located in the northern part of Belo Horizonte, capital of Minas Gerais State. It has a volume of 11 x 10 6 m 3 and a surface are of 2.1 km 2 . The reservoir was built in 1938 for supplying water but in the early eighties the water plant had to be closed due to the incidence of cyanobacteria blooms in the lake. Since then, the reservoir has exhibited several signs of eutrophication, e.g., outbreaks of the macrophyte Eichhornia crassipes (1992) (1993) (1994) (1995) and successive blooms of Microcystis aeruginosa (1980-1998). (1985) , and Masundire (1994) that relate length to dry weight. Early evaluations of the allometric coefficients for dominant Pampulha zooplankters showed a significant and positive relationship between biomass allometric and gravimetric determinations.
Statistical (Systat 8.0) and graphic (Sigma Plot 6.0) packages were used for statistical analysis and graphics, respectively.
RESULTS
Physical and chemical variables
The water quality of Pampulha reservoir reflected a eutrophication increase during the study period (Table 1) . Despite seasonal variation, a clear long-term pattern of nutrient increase can be observed in most variables such as conductivity, ammonium, nitrate, and total phosphorus. The reservoir also showed increases in the annual maximum of ammonia but the long-term trend was not as clear as that observed with total phosphorus (TP) and conductivity. Eutrophication progress can also be attested to by the annual decreases in water transparency, as well as increases of chlorophylla and particulate carbon in the trophogenic zone. Water transparency, for instance, showed a longterm reduction, with all measurements being under 1.0 m in 1998 (Table 1 , Fig. 1-B) .
Some variables show clearer patterns of eutrophication progress at specific depths, which was the case of electric conductivity, ammonium, and total phosphorus (TP) at 6 m, and of chlorophylla, particulate organic carbon (POC), and nitrate for the trophogenic zone (0-2 m) ( Fig. 1) .
At the bottom (6 m), values of TP, ammonium, and conductivity ( Fig. 1-A, 1-B ) always increased their maximum annual values in the study period. The mean annual value of TP concentrations rose from 53.8 to 234.0 µg.P-PO 4 .L -1 in this study period ( Fig. 1-A) . Like TP, electric conductivity values also suffered a major increase and the mean annual values increased from 267 µS.cm -1 to 317 µS.cm -1 (Table 1 , Fig. 1 
-B).
Sestonic carbon as well as chlorophyll-a amounts also exhibited clear trends of long-term increase during the study period ( Fig. 1-C ).
Chlorophyll-a concentrations were particularly high in 1997-1998, after the cladocerans decline (see below). The annual maxima for chlorophylla in the 1996-1998 period were 48.8, 123.2, and 244.6 µg.L -1 , respectively. After complete macrophyte removal in 1995, there was a pulse, reaching a maximum of 7.8 mgC.L -1 , in sestonic POC concentrations. In 1996, POC concentrations were somewhat lower (annual maximum of 7.0 mgC.L -1 ) but this variable again showed increases in 1997 and 1998 with annual maxima of 12.1 and 15.0 mgC.L -1 , respectively. The chemical composition of the reservoir water column has a typical seasonal cycle with higher nutrient values being found during the dry season, especially between July and October ( Fig. 1) . During the rainy season, which usually begins in November, a sharp decrease in concentrations of conductivity and inorganic nutrients has been observed in most years.
Zooplankton size
Cladoceran size showed large variations ( Fig Table 2) . The trend towards cladoceran size increase is also visible when all values are plotted against time.
In 1997 and 1998, cladoceran size showed large variations between successive samplings but retained fairly high values, above 0.7 mm in most cases.
The size distribution of cyclopoid (represented mostly by the small cyclopoid Thermocyclops decipiens) also underwent large variations ( Fig. 2-A) . During 1993-1995, the mean size usually remained below 0.5 mm. In 1996, cyclopoid size suffered a great increase, continuing above 0.6 mm for most of the time (annual mean was 0.58 mm). This period coincided with the dominance of Daphnia laevis in the reservoir. However, after 1996 the mean size went down, usually remaining below 0.4 mm, and the annual means were 0.28 and 0.38 mm for 1997 and 1998, respectively (Table 2) . This is probably due to the high dominance of nauplii of T. decipiens in the samples from this period.
Zooplankton biomass
The temporal evolution of crustacean zooplankton showed a complex pattern of long-term succession characterized first by the disappearance of calanoids, followed in 1995 and 1996 by a large cladoceran biomass development, especially of daphnids ( Fig. 2-B , Table 3 ). The third and last event covered in this study was the dominance of cyclopoids (Thermocyclops decipiens) beginning in 1997 and throughout 1998 (Fig. 2-B) . µS.cm
Min. (Table 3 ). After the disappearance of Daphnia in 1997, the cladoceran group was dominated by Moina micrura. In the 1997-1998 period, the maximum biomass reached by cladocerans was only 545 mgDW.m -3
( Fig. 2-B , Table 3 ).
Cyclopoids in Pampulha showed distinct temporal patterns of biomass ( Fig. 2-B) . The cyclopoid biomass pattern can be divided into two phases: a period of lower biomass (1993) (1994) (1995) (1996) and a second with higher biomass (1997) (1998) . The maximum biomass during the first period did not surpass 204 mgDW.m A single species of calanoid, Scolodiaptomus corderoi, was present in the reservoir. Although never building up large populations, when present they were the largest organisms in the samples (Fig.  2-B) . Between 1993 and 1996, the biomass values of this group of copepods never reached values higher than 102 mgDW.m -3 , observed in 1993.
Statistical analysis
Most eutrophication models are based on empiric relationships between abiotic variables such as Secchi disk measurements, total phosphorus (TP), and biomass of producers (chlorophyll-a). Therefore, a series of regressions were performed considering abiotic variables commonly used in eutrophication studies. In all of them, TP was used as independent variable (Fig. 3) . For these regressions, the same depths as those represented in Fig. 1 (see above) were considered. As expected, TP showed a significant and inverse linear regression with water transparency and strong positive linear associations with conductivity and ammonium. The coefficient r 2 for these regressions were, respectively, 0.199 (n = 104, p < 0.0001) for transparency vs. TP; 0.378 (n = 104, p < 0.0001) for conductivity vs. TP; and 0.094 (n = 107, p = 0.0014) for ammonium vs. TP.
Linear regressions between TP and chlorophylla and particulate organic carbon (Fig. 3 ) also were significant, with the highest r 2 coefficients of 0.235 (n = 78, p < 0.0001) for chlorophyll-a and r 2 = 0.422 (n = 94, p < 0.0001) for POC. Thus, this set of regressions confirmed that TP can be a good descriptor of trophic grade in Pampulha reservoir.
A series of linear regressions using the major groups of crustacean zooplankton size (Fig. 4) and biomass (Fig. 5) , and TP as the sole independent variable were also performed. (1993) (1994) (1995) (1996) (1997) (1998) . TP = total phosphorus, N-NH 4 = ammonium, COND = electric conductivity, Secchi = water transparency, POC = particulate organic carbon, and Chl-a = chlorophyll-a.
The regressions between size and total phosphorus were not significant for Calanoida and Cyclopoida (Fig. 4) , but this regression was significant for cladocerans (r 2 = 0.143, n = 105, p < 0.0001).
The biomass of Cladocera and Calanoida (Fig.  5) showed no significant relationship with total phosphorus. However, a significant relationship was found with the biomass of Cyclopoida (r 2 = 0.15, n = 105, p < 0.0001).
DISCUSSION
The limnological conditions of Pampulha reservoir during the past decade can be characterized by increasing input of essential nutrients that caused a clear increase in the system's trophic conditions. Early eutrophication signs were observed in the seventies (Giani et al., 1988) . A recent study confirmed the progress of eutrophication in the reservoir and its impact on the temporal dynamics of zooplankton (Pinto-Coelho, 1998). Torres & Pinto-Coelho (submitted) estimated the contribution of each incoming stream to the total nitrogen and phosphorus balance of the reservoir. They estimated the annual nutrient amount for 1998 of all tributaries pooled together to be as high as 655 ton.year -1 , with 4862 ton.year -1 registered for inorganic phosphorus and nitrogen, respectively. Thus, the phenomenon is basically caused by untreated wastewater flowing into the tributaries of this reservoir. A significant linear relationship between chlorophyll-a and total phosphorus was found for this 5-year period, confirming that TP is a good descriptive variable for eutrophication in this reservoir. There is vast amount of literature indicating the robustness of the linear relationship between chlorophyll-a and TP (see OECD, 1982) . However, a stronger relationship was found between TP and POC, which may indicate the relative importance of the detrital food chain for the planktonic community in the reservoir. In fact, this was confirmed by two previous investigations Pinto-Coelho, 1998) . demonstrated that the reservoir frequently displays an unbalance between primary and secondary production. The high values of zooplankton assimilation (up to 486 mgC.m -2 .d -1 ) can only be balanced by additional intake of non-pigmented food particles. The maximum value for primary production was 206 mgC.m -2 .d -1 . A significant linear regression between biomass of cyclopoids and total phosphorus was found, suggesting that zooplankton reacts to eutrophication by increasing the biomass at least in some major groups. This is confirmed by the findings of Hanson & Peters (1984) who found a strong linear relationship between total phosphorus and total zooplankton biomass in 49 lakes of various types, most of them located in North America and Europe.
In this study, no TP effect on the biomass of other crustacean zooplankton groups such as cladocerans and calanoids was found. This is partially explained by the disappearance of the dominant zooplankters, Daphnia, from the lake in early 1997 (Pinto-Coelho et al., 2003) . ) of crustacean zooplankton in Pampulha reservoir during the period 1993-1996.
As a consequence, a sharp decline occurred in the biomass of the group of cladocerans in subsequent years, regardless of further TP increases.
Despite their potential for reacting to environmental changes, zooplankton has not yet been widely used to indicate ecosystem conditions (Stemberger & Lazorschak, 1994) . Pinto-Coelho (1998) suggested that the seasonal patterns of some zooplankton species may be affected by eutrophication. Nevertheless, the responses of zooplankton to eutrophication are not always clear and, in some cases, contradictory results may appear such as decreasing biomass or increasing species richness (Hulot et al., 2000) . Some authors suggest that the presence of some key herbivores like Daphnia can modify completely not only the response of structural variables of the zooplankton community to eutrophication but also the relation between TP and chlorophyll-a (Pace, 1984) . This finding was confirmed by Mazumder (1994) , who showed that the higher grazing pressure existing in Daphnia-dominated systems produces a lower chlorophyll-a accumulation. In Pampulha lake we observed that the POC and chlorophyll-a concentrations increased sharply in 1997 and 1998 just after the daphnids disappeared from the lake.
The lack of any significant relationship between calanoids and TP was not a surprise. On the contrary, it was an expected result. Calanoids are considered to be good indicators of oligotrophy in the tropical reservoirs of Brazil, and good documentation confirms that calanoids are rare and often disappear from reservoirs that become eutrophic (Sendacz, 1984; Arcifa, 1984) .
Some authors suggest that, rather than biomass, variables linked to the community structure (size, species richness) would be better descriptors for assessing eutrophication impacts on a zooplankton community (Pace, 1984; MatsumuraTundisi, 1999) . One of these descriptors would be the size of zooplankton. However, this variable has been studied mostly in temperate regions and rarely in tropical ones. In our research, we found a significant relationship between TP and size of cladocerans. Between 1993 and 1995, the cladocerans in Pampulha were represented by a more diverse array of species including some small cladocerans such as Bosmina and Ceriodaphnia (Pinto-Coelho, 1998) . Between 1995 and 1997, the biomass of cladoceran increased sharply mostly due to the population pulses of Daphnia laevis. After the disappearance of Daphnia in early 1997, the biomass of cladoceran diminished but another relatively large cladoceran was always present: Moina micrura.
Understanding modifications of the structure of the zooplankton community in response to nutrient increases in Pampulha reservoir also demands a review of the phenomena affecting other trophic levels. Three such phenomena occurred in the lake, affecting primary producers and fishes.
This first phenomenon was a large development of the macrophyte water hyacinth (Eichhornia crassipes). During 1992-1994, water hyacinth stands sometimes covered up to 50% of the total reservoir surface. This plant biomass accumulation caused problems such as mosquito propagation, causing the city administration to undertake an intensive plant removal program that took place in late 1994 and the beginning of 1995. The major impacts of macrophyte removal in water chemistry as well on zooplankton organisms were described by Pinto-Coelho & Araújo (1997) . Shortterm decreases in ammonium and corresponding increases in nitrate concentrations were observed shortly after plant removal. Furthermore, the disappearance of the calanoid Scolodiaptomus corderoi as well as the smaller cladocerans Bosmina and Ceriodaphnia were also associated with this plant removal. The seasonal cycle of production and decomposition of macrophyte biomass, taking into account plant production, as well as the contribution of dead-plant decomposition to the internal nutrient load, was investigated by Pinto-Coelho & Greco (1999) . It was shown that macrophyte decomposition could return as much as 90 mg P-PO4.m -2 .d -1 (March 1995) to the lake water. Thus, macrophyte removal also affected the internal cycling of potential limiting nutrients such as phosphorus.
The second phenomenon was the cyanobacterial increase in the reservoir. The macrophyte removal was an opportunity for a large outbreak of the cyanobacteria Microcystis spp. Seasonal development as well as the diel cycles of vertical migration of the cyanobacteria were studied by Goodwin (1997) . The temporal patterns of major biochemical properties of the seston have also been investigated (Boechat, 2000) . Both studies demonstrated the key role of cyanobacteria in the overall metabolism of phytoplankton and seston in Pampulha reservoir.
The increase in the cyanobacterial biomass also induced important modifications in zooplankton structure and metabolism that has been discussed elsewhere (Pinto-Coelho et al., 2005) .
The third phenomenon was related to the population increase of Oreochromis niloticus in the lake. Godinho et al. (1992) performed an inventory of local fauna, sampling 944 specimens in different regions of the reservoir. Tilapias were already the dominant organisms with 82.4% of the total catch. Other species such the piscivorous traíra (Hoplias lacerdae, H. malabaricus) and a small piranha, Serrasalmus sp. were also common. However, after 1997 the population of this exotic African fish became largely dominant in the reservoir. In 1999, another inventory of the fish fauna was made.
About 1200 specimens were collected, weighed, and identified, all of them belonging to two genera of the African cichlids (tilapias), and the vast majority belonging to a single species, i.e., O. niloticus. However, a second species (Tillapia rendalli) was also present (Álvares et al., 2000) . (pooled data: 1993-1998) . TP = total phosphorus (6 m), Cond = electric conductivity (6 m), Chl-a = Chlorophyll-a (1 m), POC = particulate organic carbon (1 m). Secchi = water transparency and ammonium (6 m).
The annual output of tilapias ranged between 205 and 410 kg.ha -1 .year -1 . The dramatic increase of the tilapia population in the reservoir may explain the disappearance of Daphnia and the increase of small cyclopoids in the lake. Recently, Meschiatti & Arcifa (2002) , working in a shallow eutrophic reservoir, demonstrated that Tilapia rendalli exhibit microcrustacean content of up to 11.5% in their gut volume.
The key role of top-down forces on delimiting the distribution of size classes of zooplankton in lakes has long been established (Hrbácek et al., 1961; Brooks & Dodson, 1965) . (1993-1998). In lakes where fish pressure is intense, zooplankton communities tend to be smaller. The effect of eutrophication on size distribution of zooplankton is far less understood, possibly because the fish community is also affected by this phenomenon. Some authors even argue that top-down forces can cause major shifts in the response patterns of zooplankton to eutrophication (Hulot et al., 2000) . PINTO-COELHO, R. M., BEZERRA-NETO, J. F. and MORAIS-JR., C. A. (1993-1998). Despite the complexity and simultaneous interplay of different factors that could possibly have affected the zooplankton structure in Pampulha reservoir during the past decade, significant responses of zooplankton size and biomass could be identified with respect to a variable closely associated to eutrophication, i.e., total phosphorus. The size of cladocerans was less affected by piscivorous predation than was the total biomass of this group, which suffered clear reductions. On the other hand, the cyclopoids responded to increased fish predation and eutrophication by increasing the biomass of the group, in particular the relative proportion of the naupliar and young copepodite stages. Thus, the present study suggested that the effects of eutrophication on the structure of zooplankton can be better assessed if the analysis is not restricted to abundance signals but also if the size and biomass of major zooplankton groups are taken into consideration.
